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The existence of a body centered tetragonal phase of Cu has been investigated in this manuscript
when the single crystal FCC Cu is subjected to both high pressure and high temperature. The
results have been demonstrated through DFT calculations (which are typically done at 0 K) followed
by Helmholtz free energy calculations (for high temperature). The new metastable phase of Cu
demonstrates higher thermal conductivity compared to that of the FCC phase and thereby may be
beneficial for high temperature engineering applications.
I. INTRODUCTION
Landau’s theory of phase transition states that differ-
ent phases of a material may be stable when it is sub-
jected to different types of external imposed constraints
which could be temperature, pressure, magnetic field,
concentration degree of cross linking or any number of
other physical quantities. Typically, the Landau free en-
ergy functional is assumed to be function of external con-
straint and an order parameter which undergoes a discon-
tinuity whenever there is a first order phase transition.
For the case of crystal structures, the primary parameter
upon which the Landau energy functional depends is on
the mass density ρ(r)
ρ(r) = ρ¯+
∑
q∈G
[
ρ(q)e−iq·r + c.c.
]
(1)
where ρ¯ is the mean density and G is the set of recipro-
cal vectors that characterize the crystal structure. The
wavenumber is given as q = 2pi/λ where λ represents the
wavelength. A complex conjugate (c.c) is added to retain
a real number for mass density. It can be adjudged from
the above formulae that solid-solid phase transition in a
crystal structure is dependent upon phonon vibrations.
Typically Cu exists as a face-centered-cubic material at
ambient temperature and pressure conditions. The non-
existence of body centered phase of Cu at ambient pres-
sure and 0K temperature has been proved by numerous
researchers through DFT based studies.1,2 However, it
is interesting to observe that in molecular beam epitaxy,
BCC films of Cu have been grown pseudomorphically on
Pd{001}, Pt{001}, Ag{001} and Fe{001} substrate.3–6
Typically in beam epitaxy, the sample is subjected to a
constrained pressure (which in this case is induced by the
substrate grain boundary). The controversy of unstable
existence of body centered phase of Cu at ambient pres-
sure and temperature conditions along with experimental
observations of body centered phase of Cu in epitaxy was
eventually resolved. The explanation provided was that
the stable substrates, acting as grain boundaries, influ-
ence the phase change in Cu and it can happen only in
thin films and not for bulk material or even thick films.7
An existence of a BCT phase of Cu with c/a = 0.93
was demonstrated8 which is observed to be tetragonally
stable by calculation of the epitaxial Bain path of Cu.
However, it has also been mentioned in the manuscript
since this special BCT phase does not satisfy all the sta-
bility criteria imposed on elastic constants, it is unsta-
ble against other modes of shear deformation. Typically,
these ab-initio studies have been carried out at ground
state; there maybe a possibility of stable body-centered
phase of Cu at higher temperatures and pressures which
is yet to be explored.
Apart from molecular beam epitaxy studies which
typically constrains the lattice structure by application
of pressure from substrate grain boundaries, Cu-based
shape memory alloys also exhibit a BCC phase at high
temperatures. It has been reported through Neutron
diffraction studies that body centered phase of Cu is
present in Cu based shape memory alloys such as in Cu-
Zn-Al9, Cu-Al-Ni10, Cu-Al-Pd,11, Cu-Al-Be12 in which
the whole TA2[110] phonon branch was observed to
soften with temperature as transition temperature is ap-
proached. It should be mentioned in this regard that
it is well known that entropy changes in a Martensitic
Transformation is due to contributions from vibrational
component of the crystal lattice and electronic contri-
butions near the Fermi surface. Friedel13 postulated
that even though body centered phase of Cu is ener-
getically unstable at the ground state, it may be the
preferred system at high temperature due to its large
entropy resulting from low-energy vibrational transverse
modes. For Cu based shape memory alloys it was ob-
served through calorimetric and magnetic measurements
that harmonic vibration of the lattice (specifically the
coupling between homogenous shear and short wave-
length phonon) is the main reason for stability of the
BCC phase at high temperature and the electronic con-
tribution to entropy change is negligible.14–16 Comparing
this low lying phonon branch to Zener elastic modes,17
a new Hamiltonian has also been proposed18 which
displays vibrational-entropy-driven first-order solid-solid
diffusionless martensitic phase transitions. The model
Hamiltonian is suitable for high temperature applications
since it employs anharmonic intersite couplings which al-
ters the vibration stiffness with changes in temperature.
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2It should be realized that in Cu-based soft memory
alloys, the Cu crystal structure is constrained (due to
presence of other materials eventually resulting in de-
velopment of pressure) which undergoes a phase transi-
tion to that of a body centered phase on high tempera-
ture. Thereby, given this observation it is quite conceiv-
able that under high temperature and pressure conditions
there may exist a body centered phase of Cu. Body cen-
tered tetragonal phase of Cu was also demonstrated to
develop when Cu single crystals are subjected to shock
compression along the [100] direction at a piston velocity
of around 1.5 − 2 km/s.19
This present study is aimed at investigating the possi-
bility of existence of a metastable body centered tetrag-
onal phase of Cu at high temperature and pressure. The
study also demonstrates changes in properties of the ma-
terial that are associated with phase transformation of
Cu from FCC to BCT phase; which might have future
engineering applications.
II. SIMULATION METHODOLOGY
We perform density functional theory calculations us-
ing the full potential linearized augmented plane wave
(FLAPW) method implemented in the WIEN2K pack-
age.20 The generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE)21 is employed for the
exchange correlation part. A k-mesh of 20 × 20 × 20 k-
points is used for the whole Brillouin zone. We use Lmax
= 12 for the expansion of partial waves and Gmax = 14
for the charge Fourier expansion. The muffin tin radii
(RMT) and Kmax are chosen such RMT ×Kmax = 7.0,
where Kmax is the largest plane wave vector used in the
plane-wave expansion.
Phonon dispersion spectra and Helmholtz free energies
are calculated within the framework of quasi-harmonic
approximation using the finite displacement method in
the PHONOPY code.22 For calculating the real space
force constants we use the projector augmented wave
(PAW) method as implemented in the Vienna Ab ini-
tio Simulation Package (VASP).23 We take an energy
cutoff of 500 eV for the plane waves and a 11 × 11 ×
11 Monkhorst-Pack k-mesh24 is adopted to integrate the
full Brillouin zone. The atomic positions are relaxed un-
til the maximum Hellmann-Feynman forces on the atom
are smaller than 1 meV/A˚. Energy convergence criterion
is set to 10−8 eV.
We determine the elastic constants by analyzing the
changes in the calculated stress values resulting from
changes in the strain as implemented in the VASP code.
In the stress-strain approach, a set of linear equations
are constructed from the stress tensors calculated from
each deformation and the solutions of the linear system
of equations are found by using orthogonal matrix fac-
torizations. This approach uses the well-known tensorial
form of the Hooks law, that describes the following rela-
tion between the stress component and the applied strain
25. The symmetric elastic constants and are calculated
after fully relaxing a crystal structure.
Transport properties are determined with the Boltz-
TraP code26 interfaced with WIEN2K using a dense k-
mesh of 30 × 30 × 30 k-points. In order to obtain an ana-
lytical expression of bands, BoltzTraP code depends on a
well tested smoothed Fourier interpolation. The constant
relaxation time approximation is used in the calculations.
Since the electrons contributing to transport reside in a
narrow energy range due to the delta-function like Fermi
broadening, the relaxation time can be assumed to be
nearly the same for all the electrons. In our DFT cal-
culations, the temperature dependence of the electronic
band structure is ignored.
III. RESULTS
It is well known that at ambient pressure and tem-
perature, Cu crystallizes in a face-centred cubic (FCC)
structure with space group symmetry Fm3¯m (no. 225),
as shown in Fig. 1(a).
FIG. 1. Crystal structures of the (a) FCC (space group
Fm3¯m) and the (b) BCT (space group I4/mmm) phases of
Cu.
In order to obtain the equilibrium lattice parameters,
we optimize the total energy of the system as a function
of volume and fitted the data to the Birch-Murnaghan
(B-M) equation of state,27,28
FIG. 2. Total energy of the FCC (left) and BCT (right) phases
as a function of volume at ambient pressure.
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where, P , V0, V , B, B
′ denote the pressure, reference
volume, deformed volume, bulk modulus and the pressure
derivative of the bulk modulus respectively.
FIG. 3. DFT calculated energy of the different phases of Cu
versus c
a
ratio at high pressure (∼ 80 GPa). At high pressure,
a local minimum appears for c
a
∼ 0.966. Energy of this high
pressure BCT phase is lower than the BCC phase. However,
the global minimum corresponds to the FCC phase.
At ambient pressure, we find that the minimum energy
structure of the FCC phase corresponds to the equilib-
rium lattice parameter of a = 3.605 A˚. Again at ambient
pressure, the total energy optimization with respect to
the ca ratio shows that for the BCT phase (space group
I4/mmm, no. 139), the minimum occurs at the FCC
structure with ca ∼ 1.414. Keeping ca fixed at 1.414, we
minimize the total energy of the BCT structure as a func-
tion of volume (Fig. 2) from which we obtain a = 2.550
A˚ and c = 3.605 A˚, which match well with the previous
first-principles total energy calculations of BCT Cu by
Morrison et al.29 The crystal structure of the BCT phase
is shown in Fig. 1(b).
However, when it is subjected to high pressure, the
FCC structure becomes unstable with respect to a tetrag-
onal distortion and at shock pressure of ∼ 80 GPa, the
FCC structure is transformed into a body centred tetrag-
onal (BCT) structure.19 This FCC-BCT phase transition
results in the appearance of a local minimum in the to-
tal energy versus ca ratio curve, as shown in Fig. 3. In
Fig. 3, we plot the total energy as a function of the ca ra-
tio, keeping the volume of the cell fixed at 8.993 A˚
3
/atom
corresponding to ∼ 80 GPa pressure. We find that the
local minimum in the total energy corresponds to ca ∼
0.966, which is consistent with the previously reported
value of ca obtained in the shock wave study of single
crystal Cu.19 The calculated equilibrium lattice parame-
ters are a = 2.650 A˚ and c = 2.560 A˚.
In order to check the mechanical stability of the
high pressure BCT phase found, we have calculated the
phonon spectrum of the BCT structure using the equilib-
rium lattice parameters and compared it with the phonon
spectrum of the FCC phase. As seen from Fig. 4, the
transverse acoustic (TA) modes are hardened in the BCT
phase along the Z-Γ and Γ-Z ′ directions. On the con-
trary, a soft mode appears along the [ξξ0] direction. In
case of Cu-based shape memory alloys, it is found that
the low energy of the TA2 [110] phonon mode contributes
significantly to the excess of entropy which stabilizes the
tetragonal phase at high temperature14 and has been
proved experimentally.14 However, the softening of the
TA2 mode near the X-point indicates that the shear
modulus, obtained by taking the derivative of the TA2
mode will be negative and will lead to the mechanical
instability of the BCT phase at high pressure.
The calculated elastic constants of the FCC and BCT
structures are shown in Table I. For cubic systems, the
elastic matrix cij has only three independent components
: c11, c12 and c44 and the Born stability criteria for the
mechanical stability of cubic systems are given by25
c11 − c12 > 0 (3a)
c11 + 2c12 > 0 (3b)
c44 > 0 (3c)
TABLE I. Elastic constants of the FCC and BCT phases of
Cu at T = 0 K. Since the shear modulus c′ is negative for
the BCT phase, the BCT structure is unstable with respect
to shear deformations and will be mechanically unstable.
Elastic constants in GPa FCC Cu BCT Cu
c11 230.81 400.60
c12 119.00 445.16
c13 − 376.98
c33 − 488.77
c44 114.01 267.47
c66 − 278.43
c′ 55.91 −22.28
However, in case of tetragonal systems, there are six
independent elastic constants : c11, c12, c13, c33, c44 and
c66, which satisfy the following necessary and sufficient
conditions for the stability of a tetragonal system25 :
c11 > |c12| (4a)
2c213 < c33(c11 + c12) (4b)
c44 > 0 (4c)
c66 > 0 (4d)
4FIG. 4. Phonon band dispersions for the known FCC (left) phase and the high pressure BCT (right) phase of Cu. The filled
circles denote the LA modes and the open circles show the TA modes. LA and TA are the longitudinal and transverse acoustic
modes respectively. T1 and T2 are the two TA modes. In the BCT phase, softening of phonon modes along the [ξξ0] direction
indicates the dynamical instability of the BCT structure at low temperature (0K) and high pressure.
Our DFT calculated elastic constants for the FCC phase,
as listed in Table I, fulfill all the stability criteria
(Eq. (3)), which implies that the FCC phase is stable
at ambient pressure and low temperature. By contrast,
the elastic constants of the high pressure BCT phase sat-
isfy the conditions (4b), (4c) and (4d), but fail to satisfy
condition (4a). Therefore, the shear modulus c′ = c11−c122
< 0 (Table I), suggesting that the BCT structure would
decrease its energy by deformations of the cell and as a
result the BCT phase will be unstable at low temperature
(0K).
FIG. 5. The Helmholtz free energy per atom of the two phases
of Cu as a function of temperature at ∼ 80 GPa. At low
temperature, the FCC phase is more stable than the BCT
phase. However, as the temperature rises, the BCT phase
gains stability over the FCC phase.
However, the dynamical instability of a crystal struc-
ture at low temperature does not mean that the crystal
structure is unstable at high temperature. Since our ab
initio calculations are carried out at ground state (T =
0 K), there may be a possibility that the BCT phase
may attain stability at high temperature. For example,
FIG. 6. Electronic band structures of the FCC (left) and BCT
(right) phases of Cu. Since there are finite density of states
near the Fermi level, both the structures are metallic.
the body centred cubic (BCC) phase of Fe gains stability
at high temperature,30–32 though it is not stable at high
pressure and low temperature (T = 0 K). From Fig. 3 we
find that at high pressure, the BCT phase results in the
appearance of a local minimum in the energy vs. ca ra-
tio plot, however, the energy of the BCT phase is higher
than the FCC minimum, indicating that the FCC phase
is more stable compared to the BCT phase at low tem-
perature and high pressure (∼ 80 GPa). In order to check
the relative stability of the two phases (FCC and BCT)
at higher temperatures, we calculate the Helmholtz free
energy (per atom) of the two phases employing the in-
formation of the phonon density of states at the volume
8.993 A˚
3
/atom. From Fig. 5, it is found that as the tem-
perature rises from 0 K, the FCC phase becomes unstable
with respect to the BCT structure and at ∼ 1130 K, the
temperature of the shock wave,19 the difference in the
5free energy of the BCT and the FCC phase is ∼ -8.64
KJ/mol/atom. This suggests that the BCT phase gains
stability over the FCC phase with increasing tempera-
ture.
FIG. 7. The electronic thermal conductivity of the two phases
of Cu as a function of temperature. The high thermal con-
ductivity of the BCT structure shows that it can be used as a
good thermal conductor in electronic and spacecraft devices.
The calculated electronic band structures of FCC and
BCT phases of Cu (Fig. 6) show that both the struc-
tures have finite density of states near the Fermi level
and therefore they will show metallic behaviour. Based
on the calculated band structures, we find out the elec-
tronic thermal conductivity of the two phases as a func-
tion of temperature for a fixed chemical potential using
the semi-classical Boltzmann theory.33 Though the ther-
mal conductivity of a material consists of both electronic
(κ0) and phonon (κl) parts, BoltzTraP calculates only
the electronic thermal conductivity κ0 in terms of the
relaxation time τ , assuming that τ is constant and direc-
tion independent. From Fig. 7, it is seen that as tempera-
ture rises, the electronic thermal conductivity of both the
structures increases linearly with increasing temperature.
However, the slope is higher in case of the BCT phase.
The high thermal conductivity of the BCT structure in-
dicates that the found high pressure BCT structure can
be used as a better thermal conductor compared to the
known FCC Cu and may find its application in electronic
devices, such as cooling chips or in spacecraft thermal
control applications.
IV. CONCLUSIONS
The possibility of existence of a metastable body cen-
tered tetragonal phase for Cu has been established in this
DFT study. These states may be achieved on simultane-
ous application of high temperature and pressure to a
bulk sample of Cu which is possible through shock load-
ing. The Helmholtz free energy distribution at a high
pressure demonstrates more stability for the BCT phase
compared to the FCC phase at high temperatures (which
can be realized through shock loading). The BCT phase
of Cu is observed to have high thermal conductivity com-
pared to that of the FCC phase and may be beneficial
for different high temperature engineering applications.
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